Neural stem cells (NSCs) are a valuable cell source for tissue engineering, regenerative medicine, disease modeling, and drug screening applications. Analogous to other stem cells, NSCs are tightly regulated by their microenvironmental niche, and prior work utilizing NSCs as a model system with engineered biomaterials has offered valuable insights into how biophysical inputs can regulate stem cell proliferation, differentiation, and maturation. In this review, we highlight recent exciting studies with innovative material platforms that enable narrow stiffness gradients, mechanical stretching, temporal stiffness switching, and three-dimensional culture to study NSCs. These studies have significantly advanced our knowledge of how stem cells respond to an array of different biophysical inputs and the underlying mechanosensitive mechanisms. In addition, we discuss efforts to utilize engineered material scaffolds to improve NSC-based translational efforts and the importance of mechanobiology in tissue engineering applications. 
Introduction
Neural stem cells (NSCs) have been established as important mediators and effectors of plasticity, learning, and memory in the adult nervous system [1] and are envisioned as a potential source for transplantation in neurodegenerative diseases [2e4] . NSCs reside in two specific regions of the adult mammalian brain, the subventricular zone (SVZ) of the lateral ventricles and subgranular zone (SGZ) within the dentate gyrus of the hippocampus [1] . Hippocampal neural stem cells in particular have been indicated to play critical roles in learning, memory formation, behavioral regulation, and disease pathology, important processes that motivate a deeper basic understanding of NSC behavior [5] . Since the landmark discovery of these cells in mammals [6] , the development of long-term NSC culture methods have enabled basic investigations of their behavioral regulation as well as exploration of their therapeutic potential to treat neurodegenerative disease, traumatic brain injury (TBI), spinal cord injury (SCI), and stroke [7] .
NSCs, like other stem cells, are tightly regulated by the extracellular microenvironment within their resident tissues, collectively termed the stem cell niche [8] . Within these tissues, NSCs reside in proximity to more mature neural progenitor cell progeny, and it is possible to isolate and culture these populations. Throughout this review we will refer to cultured cells as "NSCs", though a recognized caveat is that cultures may contain mixed populations. Previous research has revealed that biochemical cues present in the niche can strikingly direct NSC behavior in vitro and in vivo [9, 10] . However, biophysical and specifically mechanical cues have been more recently implicated as a potentially important but relatively poorly understood signal input for NSCs [11] . Early in vitro work showed that softer 2D substrates that more closely emulate brain tissue stiffness (<1 kPa) promote neuronal differentiation of NSCs, whereas stiffer substrates (>1 kPa) suppress neurogenesis [12, 13] , of strong potential interest given the presence of tissue stiffness gradients within the hippocampus [14] . However, the mechanisms that govern this behavior are progressively being elucidated, and further studies are needed to confirm whether NSCs are similarly mechanosensitive in 3D, in vivo contexts. Furthermore, NSCs encounter and are regulated by many other types of mechanical input besides stiffness during development, injury, or disease. Therefore, it is necessary to investigate impacts of these inputs is needed to assemble a more complete understanding of how biophysical cues regulate NSCs.
Within this field, biomaterials have not only played a role in enabling in vitro investigation of mechanobiology, but have also been harnessed as scaffolds to address common challenges in stem cell regenerative medicine such as inefficient expansion and differentiation, widespread death of transplanted cells, and limited homing to or retention in the desired site [15] . Scaffolds have a distinct advantage over the injection of dissociated "bolus" cell suspensions since it is possible to engineer "synthetic microenvironments" that support NSC survival and differentiation upon transplantation. Although scaffolds have shown promise in improving the engraftment of NSCs into the central nervous system (CNS), increased understanding of the mechanical effects of these scaffolds is again needed to enable precise tuning of NSC behavior [16] .
In this review, we highlight recent studies in which innovative biomaterial systems have been engineered and exploited to further illuminate how NSCs respond to and process mechanical inputs. In addition, several relevant signaling mechanisms that respond to these material systems will be discussed, though a more thorough overview of NSC mechanotransductive pathways may be found elsewhere [17] . We begin by covering recent work describing novel effects of substrate stiffness and the impact of stretch stimuli on NSC fate commitment, neuronal maturation, and other cellular behaviors. We then discuss insights gleaned from a new generation of culture platforms that enable reversible tuning of substrate stiffness or incorporation of 3D architecture. Finally, we will discuss how engineered material systems are being used to improve translational strategies for neurodegenerative disease and neurological injury. While there have been important advancements in scaffoldbased treatments in the spinal cord [18] , this review will focus on recent efforts for application in the brain.
Biophysical regulation of NSCs
We and others have previously reported that substrate stiffness can specifically direct NSC fate commitment e soft substrates promote neurogenic differentiation of NSCs, while stiffer substrates suppress neurogenesis and increase astrocytic differentiation [13, 19] . Moreover, we have identified Rho GTPase-mediated cytoskeletal dynamics and the transcriptional co-activator Yes-Associated Protein (YAP) as key players in stiffnessinstructed NSC differentiation [20] , and other work in the field has demonstrated the importance of focal adhesion proteins such as vinculin [21, 22] . Adding to those findings, novel approaches have further explored the extent of NSC sensitivity to various biophysical inputs and the mechanisms that actuate mechanosensitive NSC behavior.
Substrate stiffness regulates NSCs through various intracellular signals
Although it is clear that substrate stiffness can strongly influence NSCs, many initial studies including some of our own [12] have primarily examined discrete stiffnesses that span orders of magnitude (e.g. 0.1e10 kPa). While such studies have clearly established that NSC proliferation and differentiation are mechanosensitive, the underlying experimental systems do not precisely elucidate the continuous, dynamic impact of stiffness on NSC behavior. Mosley et al. addressed this shortcoming by using a hydrogel that was engineered to have a continuous stiffness gradient [23] . Excising small circular portions down the length of this initial material generated gels with much finer relative differences in stiffness than those reliably achieved by conventional methods. Using these gels, they found that neurites from human induced pluripotent stem cell-derived NSCs cultured in neural differentiation media for 14 days were significantly longer on 0.9 kPa gels than on 1.44 kPa gels and that the expression of neuronal markers Tuj1 and MAP2 were affected by small differences in stiffness that could be missed in typical studies. Differences in neurite extension suggest differences in underlying cytoskeletal organization, which is a key mechanosensitive response in stem cells. Although many studies have identified broad regimes of stiffness that promote certain NSC behavior (e.g. stiffness <1 kPa as measured by shear rheology or AFM promotes neurogenesis [12, 19, 24] ), this study strikingly implies that NSCs are much more finely tuned to stiffness cues than previously appreciated. An important general caveat with these studies is that various methods such as shear rheology or AFM are used to measure the elastic moduli of culture substrates, which does limit the extent to which measurements can be quantitatively compared between reports.
Previous studies have identified specific mechanosensitive molecules such as integrin and CD44 cell surface receptors that translate stiffness cues into intracellular signaling cascades in both stem and nonstem cells [25, 26] . Continuing work has progressively revealed important new pathways that can direct stem cell fate commitment in response to stiffness input. For example, a growing body of evidence has indicated that intracellular calcium can regulate stem cell behavior [27, 28] via mechanisms that are only starting to be investigated. In a recent study [29] , Pathak and colleagues reported that Piezo1 (stretch-activated cationic channel) was expressed in human fetal-derived cortical NSCs and could induce spontaneous calcium influxes in a stiffness-dependent manner such that stiffer silicone elastomeric substrates (3.7 and 750 kPa) elicited greater Ca 2þ activity compared to softer substrates (0.4 and 0.7 kPa). Notably, and contrary to earlier studies, the authors reported increased neuronal differentiation on stiffer substrates. They attributed this unexpected finding to the difference in species, tissue, and maturation state of the cells used, and supported this interpretation by successfully replicating findings from previous reports. In addition, they found that RNAimediated knockdown of Piezo1 resulted in inhibition of YAP, which is normally active on stiffer substrates, and that knockdown or chemical inhibition of Piezo1 increased astrocytic differentiation and decreased neurogenesis in hNSCs. Therefore, Piezo1 and other mechanically-gated ionic channels may be critical regulators of stiffness-mediated NSC differentiation that impinge on known and yet undiscovered mechanosensitive pathways.
Mechanical stretch and NSCs
In addition to substrate elastic modulus and stiffness, stem cells encounter many other mechanical inputs that can affect their behavior [30e32]. In MSCs, stretch stimuli influence gene expression and fate commitment to promote osteogenic and myogenic differentiation [33e36] . Further insight has revealed that stretchinduced responses can be age-dependent [37] , induce differentiation in the absence of growth factors [38] , and be orchestrated by the TGF-b signaling pathway [39] . Mechanical stretching is also an important regulatory cue for NSCs, as they encounter a plethora of active forces during tissue morphogenesis and due to cyclic deformation of vasculature by blood flow. Arulmoli et al. recently found that a 10% static equibiaxial strain significantly reduced oligodendrocyte fate commitment (Fig. 1A, B) , whereas neurogenesis and astrogenesis were unaffected [40] , representing the first report that static stretch can impact NSC behavior in vitro. Importantly, the authors included a "pre-stretched" condition in which cells were seeded after substrate stretching to distinguish between the effects of the stretch stimulus and the w100-fold increase in stiffness induced by the stretch (1.6 MPa vs 10 kPa). Interestingly, they found that stiffer (i.e. pre-stretched) substrates significantly increased oligodendrocytic differentiation, but a single stretch stimulus applied during the early onset of differentiation reversed this effect, even though the ultimate stiffness was the same in both cases. This approach elegantly illustrates that different mechanical stimuli can direct NSC differentiation in varied ways, potentially via different signaling cascades. This report also further supports other studies suggesting that the timing of mechanical stimuli is significantly important in stem cell fate commitment [41, 20] .
Importantly, stretch is a relevant mechanical stimulus for modeling traumatic brain injury (TBI) in vitro. In fact, stretch inputs are among the most widely used in vitro models for the initial mechanical injury in TBI [42] , and simple stretch injury culture systems have already offered insights into TBI disease pathology and drug screening [43e45]. Victims of TBI unfortunately often suffer from cognitive, behavioral, and memory problems, functions that are at least partially modulated by hippocampal NSCs [46] . Therefore, in combination with other platforms that modulate other mechanical inputs relevant to TBI, such as shear stress, a stretch- Figure 1 Novel material platforms have been used to investigate NSC mechanosensitive differentiation. The "J-Flex", a tension-based stretch culture system (A), shows that a stretch cue decreases oligodendrocytic differentiation (O4 marker staining) and is independent from stiffness inputs (B). A DNAcrosslinked polyacrylamide gel system enables reversible stiffness tuning (C), which reveals a 12-36 h time window for mechanosensitive fate commitment in NSCs (D). Stiffer graphene-based 3D materials (E) decrease neurogenesis (Tuj1) and increase astrocytic differentiation (GFAP) as measured by staining (F) and qPCR (G 
Recent advanced materials to probe and control NSC mechanotransduction
In vitro platforms to study stem cell mechanobiology have largely used two-dimensional, irreversibly crosslinked polymeric substrates such as collagen, hyaluronic acid (HA), polyacrylamide, and polydimethylsiloxane (PDMS). While these studies have been extremely useful for studying NSC mechanotransduction, recent developments in materials design e particularly ones enabling dynamic stiffness tuning and threedimensional culture e are expanding our experimental capabilities and understanding of how NSCs are controlled by their physical environments.
Temporally tunable mechanics
During development, the dynamic activity of precise intracellular pathways in response to extracellular cues is crucial for proper morphogenesis [47] . In addition, cell migration can expose stem cells and their progeny to a range of mechanical environments. Importantly, the timing of mechanical cues and cellular responses has been shown to strongly influence MSC mechanosensitive behavior using hydrogels that can either be irreversibly softened or stiffened after initial cell seeding [48, 49] . These materials have yielded important insights, such as temporal "points of no return" beyond which differentiation is no longer mechanosensitive. That said, the development of materials capable of reversible stiffening or softening could open access to an entirely new set of questions, such as the importance of the onset timing and duration of exposure to a given stiffness in guiding fate determination. To address this need, our group adopted a DNAcrosslinking approach [50] to develop a hydrogel that can be reversibly softened and re-stiffened, or vice versa (Fig. 1C) , over an order of magnitude spanning a relevant stiffness range for NSCs (0.3e3 kPa) [20] . Using this system, we identified a "mechanosensitive time window" of 12e36 h after initiation of hippocampal NSC differentiation, such that stiffness cues only within this time window instructed neuro/astrocytic fate commitment, analyzed after 6 days of differentiation (Fig. 1D) . Furthermore, we found that YAP activity mediated fate commitment within this early time window, though via a mechanism distinct from its reported role in mechanosensitive MSC differentiation.
Specifically, YAP inhibited b-catenin e a neurogenic transcription factor and Wnt signaling pathway effector e rather than functioning via canonical YAP/TEADmediated gene regulation in the nucleus as suggested for MSCs. These findings indicate that the temporal dynamics of mechanotransductive signaling, both extracellularly and intracellularly, are critical to understanding how stem cells respond to their physical microenvironment. Temporally dynamic materials exemplified by this study and others [51e53] are powerful tools that can enable innovative investigations into stem cell mechanobiology.
Three dimensional materials
Although 2D hydrogels have immense value in the study of cellular behavior, they lack the 3D architectures of endogenous tissue niches, which are expected to strongly influence cell behavior [54] . To address this issue in other systems, a variety of natural and synthetic 3D culture systems have been developed [55e59]. 3D hydrogels have also been recently used to study biophysical regulation of encapsulated NSCs. In the first such study [60] , we previously found that encapsulation in softer alginate gels (183 Pa) promoted NSC proliferation and neurogenesis compared to all other stiffnesses tested (1, 1.7, 19.7 kPa). These results were supported in a later study [61] in which others reported increased expression of neuronal marker b-III tubulin on 1.5 kPa vs. 7.2 kPa 3D HA hydrogels. Notably, both studies cultured NSCs in the absence of any differentiation-inducing factors, demonstrating that mechanical cues can potently direct NSC differentiation in 3D.
A recently introduced three-dimensional graphene foam ("3D-GF") could also support NSC culture, proliferation, and differentiation into neurons and astrocytes (Fig. 1E, F) . In addition, as a carbon nanomaterial, 3D-GFs potentially allow precise incorporation and actuation of topographical and electrical cues. Indeed, 3D-GFs were shown to increase NSC differentiation compared to 2D graphene films and act as an electrically conductive scaffold [62] . In a follow-up study [63] , stiffer 3D-GFs (64 kPa) promoted cell adhesion and proliferation compared to softer 3D-GFs (30 kPa), as measured by qPCR and western blotting (WB) of functional markers (e.g. vinculin and integrin for adhesion, Ki67 for proliferation). Strikingly, NSCs displayed similar stiffness-sensitive differentiation as previously reported in 2D studies: stiff substrates suppressed mRNA expression of neuronal marker Tuj1 by 10-fold while promoting a 2-fold increase in astrocytic marker GFAP expression (Fig. 1G) . This finding is consistent with a mechanism in which the pores of the 3D-GFs present quasi-2D culture surfaces. Although 3D materials can be challenging to integrate with conventional assays due to the decreased accessibility of the cells (e.g. lysate collection for western blotting or RNA isolation for qPCR), these systems offer novel insights into how the biophysical microenvironment affects NSC behavior in microenvironments that capture defining features of the in vivo niche.
Engineered materials for improved neural tissue engineering
Biomaterial scaffolds currently represent one of the most promising approaches to successfully implant NSCs and neurons in the CNS. In an exciting recent study, iPSC-derived neurons implanted within hippocampal slices exhibited enhanced neurite outgrowth and electrical excitability when delivered in microscale fibrous 3D scaffolds [64] . When transplanted into mice, scaffold-supported cells also survived more frequently than transplanted dissociated cells (5.74% vs. 0.15%). Crucially, post-synaptic density protein 95 (PSD95) was detected adjacent to transplanted cells expressing presynaptic protein synaptophysin, indicating integration of the transplant with the host neural network. Although increased physical protection and the presence of an adherent substrate are likely at least partially responsible for the improved performance of scaffoldsupported cellular transplants in this study, its findings indicate that maintaining the proper biomechanical context may be an important factor for successful cellbased therapy in the CNS. Indeed, other studies have demonstrated that the stiffness of 3D scaffolds can influence stem cell behavior [65,66].
Successfully delivering NSCs within a physical scaffold is not trivial. The ideal substrate should accurately mimic the biochemical and mechanical properties of endogenous tissue, support NSC survival, promote appropriate differentiation and neurite outgrowth, and ultimately guide functional integration [67]. Significant cell death or damage due to shear forces during injection is a significant difficulty for scaffold-based tissue engineering strategies in the CNS. To tackle these challenges, researchers have developed injectable hydrogels that are biocompatible, can be readily co-delivered with cell populations, and gel in situ [68e70]. While such injectable gels have some disadvantages compared to other scaffold strategies, including the inability to precisely define nano-and micro-topography, they do have specific advantages such as robust protection against shear forces during injection and the ability to co-deliver the gel precursor and cells in a minimally invasive fashion. Recent studies have gone beyond feasibility testing of injectable gels with NSCs and towards optimization, demonstrating the exciting potential of this approach. For example, Farrell et al.
[71] explored a variety of 3D gel formulations composed of natural ECM components that were physically crosslinked as a means to drive increased NSC survival and function with a more natural microenvironment. By comparing various gel compositions that included type I collagen, HA, chondroitin sulfate proteoglycan, and laminin, they found that pure 1% w/v HA gels promoted neuronal differentiation and neurite outgrowth to a greater extent than other gel compositions, and that these effects could be moderated by the cell surface HA receptor CD44 and b1 integrin. In another recent study [72], Wei et al. delivered NSCs with self-healing polysaccharidebased hydrogels, which involved injecting cell-loaded gel fragments that subsequently coalesced within the injection site [73, 74] . Their engineered material robustly supported NSC survival and proliferation while eliciting increased neurogenesis compared to 2D culture controls. However, cells that stained positive for Tuj1 in the self-healing gels did not extend neurites like those on 2D substrates, potentially highlighting the importance of tuning mechanical cues to promote not only optimal differentiation but also functional morphology.
We have recently reported that a rationally-designed 3D HA scaffold could support the maturation and implantation of fragile midbrain dopaminergic (mDA) neurons differentiated from hESCs [75] . The HA scaffold offered distinct advantages over culturing cells in 2D or injecting a dissociated cell suspension, including brainmimetic mechanical tuning (350 Pa), conjugation of chemical factors that promote cellular adhesion and neurite extension (RGD and heparin), and physical protection during injection. In general, NSC mechanobiology in such translatable contexts has not yet been exhaustively studied, but these recent findings demonstrate exciting potential for materials-based approaches to replacing lost neural populations and aiding in functional recovery. Importantly, these studies reported the stiffness of these implantable scaffolds to be within the neurogenic range as determined by earlier studies (0.1e1 kPa), indicating that basic research into NSC mechanobiology can directly inform the effective design of materials for translational tissue engineering applications.
Conclusions and future outlook
In the 25 years since the discovery that NSCs mediate the continuous integration of new neurons into the adult brain, there have been significant advances in our understanding of how extracellular cues from the niche control NSC behavior in vivo and in vitro. Originating in embryonic development and persisting though adult neurogenesis, NSCs are regulated by a complex repertoire of soluble and physical cues from the microenvironment. While previous and ongoing studies have investigated the effect of biochemical cues, recent discoveries of the significance of mechanical input are further enriching our understanding of stem cell regulation. A major next step will be to understand how these two classes of inputs are integrated to direct NSC behavior under physiological conditions, as well as how they can go awry in disease or injury. Encouragingly, there have already been studies that have reported the synergistic effect of tuned matrix stiffness and biochemical stimulation in MSCs [76, 77] . However, current culture platforms preclude high-throughput study of the additional parameter space. Towards addressing this challenge, various groups including ours [78] are beginning to develop next-generation materials to enable precise spatial patterning of multiple mechanical and biochemical parameters, such as stiffness and ECM ligand density [79] . Mechanistically, these various extracellular signals are ultimately transduced by biochemical signaling cascades to control cell behavior, but the complexity of these pathways render them challenging to dissect with conventional candidatebased genetic tools. In addition to candidate approaches, genome-wide screening including powerful approaches based on CRISPR/Cas9 [80, 81] may enable further advances. Coupled with powerful tools such as next generation sequencing, such technologies may aid in the identification of novel genes that are crucial for mechanosensitive NSC behavior, guiding future advancements in tissue engineering and regenerative medicine applications in the CNS. . This report describes a unique approach to fabricate hydrogels with very fine differences in stiffness to precisely interrogate NSC mechanotransduction. The authors demonstrate that the extent of neurogenesis and neurite growth were sensitive to these small differences, implicating that NSCs are very finely tuned to stiffness input. . Nat Commun 2016, 7:10862. In this study, the authors directly reprogrammed neurons from iPSCs and tested the impact of utilizing a 3D scaffold for transplantation in vivo. They found that the scaffolds significantly improved cellular function and post-engraftment survival compared to the injection of cells alone. In addition, scaffold-delivered neurons displayed evidence of successful integration with the host neural circuitry. These studies demonstrate that biomaterial-supported delivery of cells has the potential to significantly improve regenerative medicine therapies and that further study of material-cell interactions is crucially important. This approach addresses drawbacks of traditional scaffolds such as biological incompatibilities of chemical crosslinkers while having the advantages of easier delivery, lower invasiveness, and the ability to conform to the anatomy of the desired site. They characterized various gel compositions and discovered that certain formulations could promote cell survival, neurogenesis, and neurite outgrowth via integrin and CD44 receptor interactions with the materials. Importantly, the gels maintained their integrity after injection and matched the stiffness of endogenous tissue. 72 * * . Wei Z, Zhao J, Chen YM, Zhang P, Zhang Q: Self-healing polysaccharide-based hydrogels as injectable carriers for neural stem cells [Internet] . Sci Rep 2016, 6:37841. In this study, the authors developed a self-healing injectable hydrogel system that could facilitate the delivery of NSCs. This material builds on the advantages of injectable hydrogels while also allowing greater control of the cells before injection and active maintenance of gel integrity after injection in situ. The gels were capable of quick and efficient self-healing after syringe extrusion, could span stiffnesses from 0.1 to 2 kPa, and supported NSC survival, growth, and neurogenesis. This work exemplifies novel and innovative material systems that are enabling improved NSC delivery for cell replacement therapies.
